The orthoperovskites TbCoO3 and DyCoO3 with Co 3+ in a non-magnetic low-spin state have been investigated by neutron diffraction down to 0.25 K. Magnetic ordering is evidenced below TN = 3.3 K and 3.6 K, respectively, and the ordered arrangements are of canted type, AxGy for TbCoO3 and GxAy for DyCoO3 in Bertaut's notation. The experiments are confronted with the first-principle calculations of the crystal field and magnetism of Tb 3+ and Dy 3+ ions, located in the P bnm structure on sites of Cs point symmetry. Both these ions exhibit an Ising behavior, which originates in the lowest energy levels, in particular in accidental doublet of non-Kramers Tb 3+ (4f 8 configuration) and in ground Kramers doublet of Dy 3+ (4f 9 ) and it is the actual reason for the non-collinear AFM structures. Very good agreement between the experiment and theory is found. For comparison, calculations of the crystal field and magnetism for other systems with Kramers ions, NdCoO3 and SmCoO3, are also included.
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I. INTRODUCTION
The perovskite cobaltites of LaCoO 3 type are systems with closeness in energy of different local state of the octahedrally coordinated cobalt ions. The ground state is generally based on non-magnetic low spin state of Co 3+ (LS, S = 0, t ) species are populated by thermal excitation, which process becomes observable for LaCoO 3 above ∼ 40 K and achieves the highest rate at T magn = 70 K as documented by a maximum of the specific heat excess and anomalous expansion. The resulting non-uniform phase is characterized by HS/LS nearest neighbor correlations [1, 2] . A further change is observed at about 530 K where the correlations are melted by thermal agitation, which is accompanied with a drop of electrical resistivity reminding the insulator-metal transition. In related systems with smaller rare-earth or yttrium ions, the magnetic transition shifts to higher temperatures and finally merges with the electrical transition, in particular for TbCoO 3 and DyCoO 3 at T magn = 735 K and 740 K, respectively [3] . Such increased stability of LS Co 3+ means that the low-temperature magnetic properties are governed by Tb 3+ and Dy 3+ local moments and depend on the crystal field splitting of respective 4f 8 and 4f
9 levels, as well as on the rare-earth intersite interactions.
Early studies have shown that TbCoO 3 and DyCoO 3 undergo a non-collinear antiferromagnetic (AFM) ordering below T N = 3.3 K and 3.6 K due to interactions that are for the most part of a classical dipole-dipole nature [4, 5] . The present study revisits both systems. The crystal and magnetic structures are refined based on the high-resolution powder neutron diffraction, and * corresponding author:knizek@fzu.cz the electronic levels of rare-earth ions are determined together with their magnetic characteristics, using a novel ab-initio approach. It appears that the observed magnetic arrangements reflect the Ising nature of rare-earths moments associated with the lowest energy levels, namely the ground Kramers doublet of Dy 3+ and accidental doublet of non-Kramers Tb 3+ .
II. EXPERIMENT AND CALCULATIONS
Samples TbCoO 3 and DyCoO 3 were prepared by a solid state reaction from stoichiometric amounts of Co 2 O 3 and respective oxides Tb 2 O 3 and Dy 2 O 3 . The precursor powders were mixed, pressed in the form of pellets and sintered at 1200 o C for 100 hours under air. The product was checked for phase purity and its structural and physical properties were extensively probed. Both compounds were identified as distorted perovskite structure of the orthorhombic P bnm symmetry.
The powder neutron diffraction was performed on diffractometer Hb2a at Oak Ridge National Laboratory. The scans were recorded at selected temperatures between the 0.25 and 150 K. Two crystal monochromators (Ge113 and Ge115) were used, providing neutron wavelengths λ = 2.408Å and 1.537Å, respectively. Data were collected between 8 o and 126 o of 2θ with the step of 0.08 o . To overcome the problem with rather high absorption of dysprosium, the neutrons path length through the DyCoO 3 sample was minimized by use of an annular container, where the powder was placed between two concentric aluminium cylinders. Structural refinements were done by Rietveld profile analysis using program FULL-PROF (Version 5.30-Mar2012-ILL JRC).
The determination of the Tb 3+ and Dy 3+ electronic structure was performed in two steps. First, the crystal field parameters were calculated using a novel method based on the first-principles band structure and Wan-nier projection [6] . The model depends on a single parameter ∆, which adjust relative position of the 4f and oxygen energy levels. In the present calculations ∆ was fixed at 8.2 eV, which value yields very good agreement between the calculated and experimental values of the multiplet splittings of Pr 3+ , Nd 3+ , Tb 3+ and Er 3+ in the orthoperovskites [6, 7] . Then the local Hamiltonian operating on the 4f states in a determinantal basis of one-electron wavefunctions was constructed, including the electron-electron repulsion, spin-orbit coupling, crystal field and Zeeman interaction terms. The eigenvalue problem was solved for different orientation and strength of the applied field, in which not only the crystal field splitting of the multiplets, but also their magnetic characteristics (anisotropic g-factors and/or van Vleck susceptibilities) were determined. These calculations were done with the modified 'lanthanide' program [8] .
III. RESULTS
A. Crystal structure
For TbCoO 3 and DyCoO 3 the single orthorhombic P bnm structure is observed over the whole experimental temperature range. For three selected temperatures the complete data including atomic coordinates, Co-O bonding lengths and Co-O-Co angles are presented in Table I . The relation between lattice parameters, b > c/ √ 2 > a is typical for perovskites ABO 3 with smaller A cations (and smaller tolerance factor), for which the tilting of CoO 6 octahedra is the dominant source of the orthorhombic distortion. The extent of octahedral tilting is quantified by the average bond angle Co-O-Co, which is close to 150 o for both the compounds. The rare-earth cations are located on mirror plane of the P bnm structure, on the site of low symmetry (C s point group), which is coordinated by twelve oxygen atoms. The RE-O distances could be divided into a group of eight short (bonding) lengths within a range 2.2 − 2.6Å, and a group of four long distances 3.0 − 3.4Å that should be considered as non-bonding ones since they increase with decreasing A size.
B. Electronic levels of Tb
3+ and Dy
3+
Tb 3+ in electronic configuration 4f 8 is a non-Kramers ion. The lowest lying free-ion term is 7 F 6 (L = 3, S = 3, J = 6), and in the solid it is split by crystal field effects. In P bnm perovskites with the rare-earth sites of low symmetry C s , the degeneracy is completely removed, yielding 13 singlets. The analysis of optical transitions available for TbAlO 3 of the same P bnm symmetry show that the ground and first excited states of Tb 3+ ion are formed of 90% by two conjugate J = 6 wavefunctions, |6, +6 + |6, −6 and |6, +6 − |6, −6 , and their eigenenergies differ by only 0.025 meV, representing a quasi-doublet [9] . This specific kind of accidental degeneracy has important consequences. Firstly, a relatively modest magnetic field of external or molecular nature will mix the eigenstates into a form of two pseudospins with the main weight of |6, +6 and |6, −6 ionic states, respectively. This results in large magnetic moment of Tb 3+ ions of about 8.4 µ B . Secondly, these moments have essentially an Ising-like character, which is a source of large local anisotropy.
In the case of Dy 3+ in electronic configuration 4f 9 , the lowest lying free-ion term is 6 H 15/2 (L = 5, S = 5/2, J = 15/2), and it is split by the low-symmetry crystal field to 8 Kramers doublets. The ground doublet is spanned by two pseudospins with dominant contribution of |15/2, +15/2 and |15/2, −15/2 ionic states, pointing also to the Ising character.
The Table III ). Using these parameters in the 'lanthanide' program, the splitting of 4f n levels for each rare-earth ion is determined. It is seen below in Table VII that the two lowest singlets for Tb 3+ in TbCoO 3 are separated in energy by only 0.002 meV. Next two singlets are situated at much larger energy, 22.9 and 23.1 meV. For Dy 3+ all the states are true doublets and the first excited doublet is situated at energy of 29.8 meV above the ground doublet. Similar separation between the ground and excited doublet is found for Sm 3+ , 29.6 meV, while a somewhat lower separation 13.2 meV is obtained for Nd 3+ (see also [7] ).
The application of external magnetic field brings two effects on the rare-earth electronic levels (see e.g. [7] ). One is a linear splitting of the doublets that defines the relevant magnetic moments and represents Zeeman energy. Except very low fields, the splitting of the Tb The second effect, visible in high fields only, is a small downward shift of the doublet gravity center that varies quadratically with the field magnitude. This energy decrease arises from the mixing of ground singlets or doublets with higher lying states and is at the root of van Vleck paramagnetism. In systems with non-Kramers ions, this term is generally manifested at low temperatures as a practically constant susceptibility, independent up to very high fields. The well known example is the paramagnetic contribution of Pr 3+ [10] . Similar contribution exists also for Kramers ions, where van Vleck susceptibility represents a small addition to dominant, strongly temperature dependent Curie susceptibility that arises due to thermal redistribution within the split levels of ground doublet. In particular for DyCoO 3 , the principal values of the van Vleck susceptibility tensor associated with Dy 3+ are calculated to χ ξ =0.0143, χ η ∼0 for the in-plane components, χ ζ = 0.0526 µ B /T for the out-of-plane component and the orientation of ξ axis is defined by α vV = ±22.2 o with respect to the a-axis. Let us note that there is also van Vleck contribution of LS Co 3+ , which is of the order ∼ 0.0004 µ B /T (∼ 0.0002 emu·mol −1 ·Oe −1 ) and brings thus little effect.
C. Magnetic ordering
The neutron diffraction data at the lowest temperature (T = 0.25 K) and above T N (T = 5.5 K) are displayed in Fig. 2 . Presence of AFM ordering is manifested in appearance of magnetic peaks below T N at positions hkl with h + k = 2n + 1, in particular 100+010 and 101+011. These peaks are indicative for the A-and G-types of AFM arrangement in the sample, depending whether l = 2n or 2n + 1. Let us note that the presence of both components indicates a canting, which is an inevitable consequence of the Ising character of Tb 3+ and Dy 3+ moments, and the inclination of easy axes ±α in the ab-plane of the orthoperovskite structure [9] .
The results of the Rietveld refinement of the rare-earth moments are presented in Fig. 3 . The estimated Néel temperatures of the AFM ordering T N = 3.3 K and 3.6 K for TbCoO 3 and DyCoO 3 , respectively, are in agreement with previous studies [4, 5, 11] . The ordered moments are oriented in the a, b-plane of the orthoperovskite structure and reach m(A x ) = 6.5µ B and m(G y ) = 5.1µ B for TbCoO 3 and m(G x ) = 4.3µ B and m(A y ) = 8.0µ B for DyCoO 3 .
IV. DISCUSSION
Based on the present study, Néel temperatures of the AFM ordering in TbCoO 3 and DyCoO 3 is estimated to T N = 3.3 K and 3.6 K, and the ordering is of A x G y and G x A y type, respectively. This is in agreement with earlier findings on these cobaltites [5, 11] and is also close to AFM temperatures in analogous aluminates [12, 13] . The arrangements in the a, b-plane of the orthoperovskite structure are depicted in Fig. 4 and the coupling along the c-axis is purely AFM. The ordered moments for TbCoO 3 have a magnitude of m = 8.3µ B and are inclined from the orthoperovskite a-axis to angle ±38 o . For DyCoO 3 , the magnitudes of moments is m = 9.1µ B and their inclination is ±62 o . The experimental magnitudes and directions of the magnetic moments are confronted with calculated values in Table II . Calculated magnitudes of the moments are by 7 and 6 % larger than the experimental ones in TbCoO 3 and DyCoO 3 , respectively. Taking into account that theory contains no parameter to fit the experiment the agreement may be regarded as good for the magnitudes of the moments and excellent for their directions.
As pointed out by Bidaux and Meriel for DyAlO 3 [12] , there are two variants depending in which sense the moments could be inclined, which cannot be distinguished in neutron diffraction experiment. On the other hand, theory allows an unambiguous assignment of the sign of angle α g to the RE crystal site. Regarding the agreement of the experimentally determined angles and the orientation of Ising axes in our calculations, we may state that, with respect to CoO 6 tilts, the actual orientation is as shown in Fig. 4 . As mentioned above, the origin of observed AFM arrangement, A x G y for TbCoO 3 and G x A y for DyCoO 3 in Bertaut's notation, can be associated with dipolar interactions, which dominant role can be understood in view of large magnitude of the Tb 3+ and Dy 3+ long-range ordered moments, ∼ 8 and 9 µ B , respectively. There are, however, strong indications that the superexchange interactions of purely spin nature must be also acting and may eventually decide on final magnetic arrangement in the rare-earth cobaltites, aluminates or gallates. In particular, AFM ordering at T N = 1.5 K is stabilized for SmCoO 3 , though the spin and orbital components of the Sm 3+ moment nearly cancel (L = 5, S = 5/2, J = L − S = 5/2), and dipolar interactions are thus negligible. 
